CHAPTER 


SARS CORONAVIRUS 
INFECTIONS OF THE LOWER 
RESPIRATORY TRACT 

AND THEIR PREVENTION 


N. Petrovsky 
Vaxine Pty Ltd, Department of Endocrinology, Flinders Medical Centre, Adelaide, Australia; 
Flinders University, Faculty of Medicine, Adelaide, Australia 


1 INTRODUCTION 


The severe acute respiratory syndrome (SARS) coronavirus is a positive-stranded RNA virus, 29.7 kb 
in length with approximately 14 open reading frames.’ It was identified as a human pathogen for the 
first time in 2003 as part of an intensive investigation into the cause of a series of fatal pneumonia 
cases that started in Hong Kong but then rapidly spread to over 30 different countries.”* The outbreak 
was eventually brought under control by quarantine measures but not before more than 8000 people 
worldwide were infected and there were over 800 confirmed deaths. This translated into an overall case 
fatality rate of ~ 10% but with mortality rates approaching 50% in the elderly.’ Those most likely to get 
serious complications or die from SARS virus infection were individuals over 65 years of age or who 
had a chronic illness, such as, diabetes or hepatitis. 

SARS virus is spread by aerosol in the form of respiratory droplets or through close personal con- 
tact, being absorbed through mucous membranes. It has a typical incubation period between initial 
infection and development of symptoms of 3-7 days. Symptoms include a high fever, dry cough, short- 
ness of breath, headache, muscle aches, sore throat, fatigue, and diarrhea. Lung histology in fatal cases 
revealed a marked diffuse alveolar damage, inflammatory cell infiltrate, bronchial epithelial denuda- 
tion, loss of cilia, and squamous metaplasia.’ Deaths resulted from respiratory, heart and/or liver failure. 
Infected individuals recovering from coronavirus infections may become susceptible to reinfection due 
to rapidly waning immunity.”” In fact, those with waning immunity may be at risk of even more severe 
disease upon coronavirus reinfection.” SARS homologous reinfection studies showed that although 
immune animals cleared lung virus much faster than naive animals, the incidence and severity of lung 
inflammation was not reduced.’ This suggests that illness severity is not just dictated by SARS viral 
load but is also influenced by host factors. Given the possibility of future human outbreaks, develop- 
ment of a safe and effective coronavirus vaccine platform would be beneficial. In particular, lessons 
learned from development of SARS vaccines may also be applicable to other coronavirus infections, 
such as, the recently emerged Middle East Respiratory Syndrome (MERS) coronavirus." 
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2 INACTIVATED WHOLE VIRUS VACCINES 


Initial attempts to produce SARS vaccine candidates were based on traditional methods where SARS 
virus was grown in cell culture under biosafety level (BSL)-3 conditions and then inactivated with 
formaldehyde, beta-propriolactone, ultraviolet irradiation, or a combination of these. These initial 
inactivated whole virus vaccines provided modest protection in animal models, inducing low titers of 
neutralizing antibody and earlier lung virus clearance but did not completely prevent infection.'' One 
such inactivated vaccine was administered to a small number of human subjects in a phase | clinical 
trial and was shown to be able to induce neutralizing antibodies.” Although no immediate safety issues 
were identified, the subjects were not exposed to SARS virus and hence any risk of vaccine exacerba- 
tion of lung immune-pathology by this vaccine remains unknown. 

Of note, animals immunized with similar inactivated vaccines developed a severe lung eosino- 
philic immunopathology when challenged with SARS virus.'* '° This lung pathology was exacerbated 
further when SARS vaccines were formulated with alum adjuvant in an attempt to increase their 
immunogenicity.’ Despite inactivated vaccines combined with alum adjuvant being able to reduce 
virus replication in young animals, they failed to reduce virus replication in older animals in which 
their use was associated with severe lung eosinophilic pathology postchallenge.'* This finding is par- 
ticularly concerning, as the elderly are a major target population for SARS vaccines, being most at risk 
of complications and mortality. If the animal data translates to humans, this suggests that inactivated 
vaccines might not only fail to protect the elderly but may even increase their risk of serious illness if 
exposed to SARS virus. 

The problem of lung eosinophilic pathology was also seen in mice immunized with Venezuelan 
equine encephalitis virus replicon particles expressing the SARS nucleocapsid protein.'’ Similarly, 
mice immunized with vaccinia virus encoding the SARS nucleocapsid protein developed a severe 
pneumonia characterized by increased Th2 and Th1 cytokines, reduced IL-10 and TGF-beta, thicken- 
ing of the alveolar epithelium and lung infiltration by eosinophils, lymphocytes, and neutrophils.’ 
Hence, given these problems of poor immunogenicity, difficulty of BSL-3 manufacture, poor efficacy 
in the elderly, and risk of exacerbated disease due to eosinophilic lung immunopathology, inactivated 
whole virus formulations are poor candidates for safe and effective SARS vaccines. 


3 RECOMBINANT SPIKE PROTEIN VACCINES 


A major advance in vaccine development was the identification that the SARS virus spike (S) 
protein mediates cell entry via its ability to bind angiotensin-converting enzyme 2 and CD209L, 
thereby triggering virus endocytosis into target cells.'*'’ A human monoclonal antibody binding the 
S protein N-terminal domain was shown to be able to block infection, thereby identifying S protein 
as a major target of SARS virus neutralizing antibodies.”’ Consistent with this, monkeys could 
be protected against SARS infection by intranasal immunization with a S protein-encoding live 
parainfluenza vector.” S protein was also shown to be the target of CD4 and CD8 T cell responses 
suggesting these may also be important to SARS protection.” A recombinant S protein vaccine 
was manufactured using an insect cell expression system but was found to be considerably less 
immunogenic that inactivated whole virus vaccine, requiring ~ 100 times more antigen to achieve 
the same level of immunogenicity.”’ Attempts to improve the immunogenicity of S protein vaccine 
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by formulation with alum adjuvant again resulted in severe lung eosinophilic immunopathology 
in response to SARS virus infection, marking this as another potentially unsafe approach.'*'° This 
confirmed that the problem of lung eosinophilic immunopathology was not just confined to inacti- 
vated or nucleocapsid protein vaccines but was a more general problem of vaccines made from any 
SARS virus antigen. 


4 SARS-ASSOCIATED EOSINOPHILIC LUNG IMMUNOPATHOLOGY 


What is the mechanistic basis of lung eosinophilic immunopathology? This question is not just of 
academic interest as SARS-associated lung immunopathology bears a striking resemblance to the lung 
eosinophilic pathology previously seen with an alum-adjuvanted formalin-inactivated respiratory syn- 
cytial virus (RSV) vaccine. In clinical trials this vaccine caused increased mortality when immunized 
children became infected with RSV.” Hence, any SARS vaccine that induces lung eosinophilic immu- 
nopathology could be equally unsafe in human subjects. 

Lung eosinophilic immunopathology did not arise in naive mice pretreated with anti-S protein 
antibody before challenge suggesting it is not due to an antibody-dependent enhancement mecha- 
nism.'’ Lung immunopathology might instead be due to an aberrant host immune response to SARS 
virus, exacerbated by vaccine priming. As the ability of inactivated or recombinant vaccines to induce 
eosinophilic immunopathology is dramatically exacerbated by formulation with alum adjuvant, a 
known Th2-polarising adjuvant, this implies that the problem might be vaccines that prime an exces- 
sive Th-2-response and/or that fail to prime for a sufficient Thl response. SARS virus itself mediates 
broad ranging immune modulatory effects that might be expected to lead to strong Th2 immune bias. 
S protein binds lung surfactant protein D, a collectin found in the lung that activates macrophages 
but not dendritic cells (DC).” Autopsy lung samples of patients dying after SARS infection revealed 
down regulation of type | interferon and CXCL10, a chemokine involved in T cell recruitment and 
inhibition of the STAT1 pathway.” Conversely, SARS virus enhances production of interleukin-6 
(IL-6) and IL-8, inflammatory cytokines that inhibit the ability of DC to prime T cells.”’ GU-rich 
ssRNAs from SARS virus activate TLR7 and TLR8 in mice and thereby induce high levels of pro- 
inflammatory cytokines including TNF-a, IL-6, and IL-12 leading to lethal acute lung injury.* Thus 
SARS virus has the capacity to exacerbate lung inflammation while at the same time inhibiting anti- 
viral interferon responses. 

SARS virus uses multiple mechanisms to inhibit the host type 1 interferon response with open read- 
ing frame (ORF) 3b, ORF 6, and nucleocapsid proteins all playing a major role; nucleocapsid protein 
inhibits the synthesis of interferon while ORF 3b and ORF 6 proteins inhibit both interferon synthesis 
and signaling.” In addition, ORF 6 protein inhibits nuclear translocation of STAT1. The importance 
of STATI to protection is demonstrated by STAT1 knockout (STAT1‘’) mice being unable to clear 
SARS virus infection, resulting in increased virus lethality.” Furthermore, STATI~” mice infected with 
SARS virus had evidence of T cell and macrophage dysregulation with increased alternatively activated 
macrophages and a Th2-biased immune response. As STAT6 is essential for development of alterna- 
tively activated macrophage, the importance of alternatively activated macrophages to SARS pathol- 
ogy was able to be demonstrated using STAT1/STAT6 double-knockout mice, which exhibited reduced 
lung disease in response to SARS virus challenge.”' On the host side, CD8 T cells are responsible for 
virus clearance and adoptive transfer of immune splenocytes or SARS-specific T cells reduced lung 
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virus titers and enhanced survival.” The importance of Th1-cellular immunity to viral control may 
help explain the many mechanisms that SARS virus has developed to subvert Th1-cellular responses. 
By suppressing Th! responses, the SARS virus may thereby impart an unbalanced Th2 bias to the 
antiviral lung immune response, which could amplify and exaggerate any preexisting Th2 bias already 
imparted by immunization with a Th-2 biased SARS vaccine. This thereby provides a plausible explana- 
tion for the vaccine-exacerbated lung eosinophilic pathology observed in recipients of alum-adjuvanted 
or unadjuvanted inactivated whole virus and recombinant S protein vaccines. This is supported by data 
from a ferret SARS virus reinfection model where reinfected animals or ferrets previously immunized 
with an alum-adjuvanted inactivated vaccine candidate failed to mount an effective type 1 interferon 
response. In mice, SARS-associated lung pathology was shown to be prevented by pretreatment of 
alveolar macrophages with poly(I:C), a TLR3 agonist, which may reflect its ability to prime for a strong 
type | interferon response.** Hence the aberrant host immune response causing SARS-associated lung 
immunopathology is complex, with roles played by alternatively activated macrophages, neutrophils, 
NFKB activation, lack of a type | interferon response, and excess IL-IB, IL-6, and TNF production due 
to inflammasome activation by the SARS envelope protein-encoded ion channel.’*>”” 


5S SARS PATHOLOGY IN THE ELDERLY 


Elderly human subjects infected with SARS virus experienced an extremely high mortality rate, 
approaching 50%.’ SARS-infected aged macaques similarly developed more severe pathology than 
young adult animals, even though viral replication levels were similar. This suggests that increased 
SARS mortality in the elderly may reflect as much an aberrant host response as toxic effects of the 
virus. In keeping with this, aged macaques showed greater NFkB activation in response to SARS infec- 
tion and this was associated with increased inflammatory gene expression but lower expression of type 
I interferon.*’ Treatment of aged animals with type 1 interferon reduced expression of inflammatory 
genes, such as IL-8, and reduced lung pathology, despite not changing lung virus levels.” It has been 
shown that aged mice exhibit increased lung prostaglandin D2 in response to lung infection that cor- 
relates with impairment of DC migration and lower T cell responses.*' More severe clinical disease 
in aged animals could be attenuated by blocking prostaglandin D2 with small-molecule antagonists”! 
Thus, multiple factors likely contribute to the increased mortality in elderly subjects suffering from 
SARS infection, including intrinsic DC defects, increased production of DC-inhibitory factors, such 
as prostaglandin D2, predisposition to an increased inflammatory response, and reduced Thl immune 
responses. An ongoing challenge is to develop a SARS virus vaccine strategy that is able to overcome 
all of these obstacles and is thereby safe and effective in the elderly. 


6 PREVENTION OF VACCINE-EXACERBATED SARS LUNG 
IMMUNOPATHOLOGY 


There is a critical need to identify suitable SARS vaccines that do not run the risk of exacerbat- 
ing coronavirus-associated lung immunopathology. Advax™ is a polysaccharide adjuvant based 
on microcrystalline particles of B-p-[2-1]poly(fructo-furanosyl)a-p-glucose (delta inulin).“”~* It 
has been shown to enhance vaccine immunity against a wide variety of pathogens, including influ- 
enza,"° J apanese encephalitis,” West Nile virus,’® and hepatitis B,” enhancing both humoral and 
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cellular immunity, and inducing a balanced Th1-Th2 response.**”” It has also been shown to be safe 
and nonreactogenic in human vaccine trials.’ When combined with either recombinant S protein or 
inactivated SARS, Advax™ adjuvant alone or combined with a TLR9 agonist enhanced neutralizing 
antibody and cellular immune responses, reduced lung viral load and completely protected against 
SARS lethality.” Notably, animals immunized with Advax™ adjuvant formulations had minimal 
or no lung eosinophilic pathology postchallenge in stark contrast to the severe immunopathology 
observed in animals immunized with antigen alone or combined with alum adjuvant (Fig. 3.1) 
thereby highlighting the critical importance of adjuvant selection for SARS vaccine development. 
Protection against lung immunopathology correlated with a strong memory Thl response in the 
Advax™-immunized animals.” 


(a) Vehicle control (b) Alum-adjuvanted S protein vaccine 
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(c) Inactivated whole virus (IWV) vaccine (d) Advax 2-adjuvanted IWV vaccine 
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FIGURE 3.1 Lung Eosinophilic Immunopathology in SARS Vaccine Recipients 


Mice were immunized with various SARS antigen formulations then challenged with SARS virus. Lungs were 
harvested day 6 postchallenge for staining with H&E plus a specific eosinophil stain (brown).”” After SARS challenge, 
mice that received only vehicle control had marked lung inflammation but minimal eosinophils (a) By contrast, mice 
immunized with either alum-adjuvanted S protein (b) or unadjuvanted inactivated whole virus (c) exhibited florid lung 
eosinophil infiltration. However, minimal eosinophils were seen in mice immunized with the same inactivated whole 
virus vaccine formulated with Advax-2 adjuvant (d). 

Pictures courtesy of Bi-Hung Peng, University of Texas Medical Branch, Galveston, Texas. 
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TLR agonists including lipopolysaccharide, poly(U) or poly(I:C) when formulated with inactivated 
SARS virus, have similarly been shown to help prevent lung immunopathology.” What all of these 
successful strategies have in common is that they prime for a Thl-immune response, suggesting that 
this is the key to avoiding lung eosinophilic immunopathology. 


7 CONCLUSIONS AND FUTURE PROSPECTS 


Protection against SARS virus involves coordinated action of memory CD4 and CD8 T cells and 
neutralizing antibody. Vaccines that fail to induce Thl immunity against the SARS virus run the risk 
of exacerbating lung disease.’ Hence, the key to any successful SARS vaccine will be the inclu- 
sion of an adjuvant able to induce robust cellular immunity together with long-lived neutralizing 
antibodies. Important questions remain on how best to protect elderly subjects, the most vulnerable 
population for lethal human coronaviruses. Another important issue is how best to provide protec- 
tion against heterologous SARS virus strains. Unfortunately, with the passage of time since the 
SARS epidemic, funding for SARS research has dried up and some of these questions may never be 
answered. While the SARS epidemic was halted by quarantine measures, there is an ongoing need 
for a safe and effective vaccine platform that could be used in the event of future human coronavi- 
tus threats. Notably, the MERS coronavirus has emerged to become a major human threat. Unlike 
SARS, MERS has not been halted by quarantine procedures, creating an urgent need for a safe and 
effective MERS vaccine.” It is not yet known whether MERS vaccines will suffer from the same 
problems as SARS vaccines, such as, low immunogenicity and lung eosinophilic immunopathology, 
but this seems likely. Hence, similar strategies as described above will be required to make MERS 
vaccines safe and effective. MERS will almost certainly not be the last new coronavirus to cause 
human disease, identifying the need for ongoing research into the unique host-pathogen interactions 
contributing to coronavirus pathology and infection outcomes, and to develop an effective coronavi- 
rus vaccine platform. 


ACKNOWLEDGMENTS 


NP is supported by Federal funds from the National Institute of Allergy and Infectious Diseases, National 
Institute of Health, Department of Health and Human Services under contracts HHSN272200800039C and 
U01AI1061142. The content is solely the responsibility of the author and the funders played no role in the writing 
of this manuscript. 


REFERENCES 


1. Marra MA, Jones SJ, Astell CR, Holt RA, Brooks-Wilson A, Butterfield YS, et al. The genome sequence of 
the sars-associated coronavirus. Science 2003;300:1399-404. 

2. Drosten C, Gunther S, Preiser W, van der Werf S, Brodt HR, Becker S, et al. Identification of a novel 
coronavirus in patients with severe acute respiratory syndrome. N Engl J Med 2003;348:1967-76. 

3. Rota PA, Oberste MS, Monroe SS, Nix WA, Campagnoli R, Icenogle JP, et al. Characterization of a novel 
coronavirus associated with severe acute respiratory syndrome. Science 2003;300:1394-9. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


REFERENCES 51 


Graham RL, Donaldson EF, Baric RS. A decade after sars: strategies for controlling emerging coronaviruses. 
Nat Rev Microbiol 2013;11:836-48. 


. Nicholls J, Dong XP, Jiang G, Peiris M. Sars: clinical virology and pathogenesis. Respirology 2003;8(Suppl) 


:$6-8. 
Callow KA, Parry HF, Sergeant M, Tyrrell DA. The time course of the immune response to experimental 
coronavirus infection of man. Epidemiol Infect 1990;105:435—46. 


. Tang F, Quan Y, Xin ZT, Wrammert J, Ma MJ, Lv H, et al. Lack of peripheral memory B cell responses 


in recovered patients with severe acute respiratory syndrome: a six-year follow-up study. J Immunol 
2011;186:7264-8. 


. Wang SF, Tseng SP, Yen CH, Yang JY, Tsao CH, Shen CW, et al. Antibody-dependent sars coronavirus 


infection is mediated by antibodies against spike proteins. Biochem Biophys Res Commun 2014;451:208-14. 
Clay C, Donart N, Fomukong N, Knight JB, Lei W, Price L, et al. Primary severe acute respiratory syndrome 
coronavirus infection limits replication but not lung inflammation upon homologous rechallenge. J Virol 
2012;86:4234-44. 

Assiri A, McGeer A, Perl TM, Price CS, Al Rabeeah AA, Cummings DA, et al. Hospital outbreak of middle 
east respiratory syndrome coronavirus. N Engl J Med 2013;369:407-16. 


. Darnell ME, Plant EP, Watanabe H, Byrum R, St Claire M, Ward JM, et al. Severe acute respiratory syndrome 


coronavirus infection in vaccinated ferrets. J Infect Dis 2007;196: 1329-38. 
Lin JT, Zhang JS, Su N, Xu JG, Wang N, Chen JT, et al. Safety and immunogenicity from a phase I trial of 
inactivated severe acute respiratory syndrome coronavirus vaccine. Antivir Ther 2007;12:1107-13. 


. Bolles M, Deming D, Long K, Agnihothram S, Whitmore A, Ferris M, et al. A double-inactivated severe acute 


respiratory syndrome coronavirus vaccine provides incomplete protection in mice and induces increased 
eosinophilic proinflammatory pulmonary response upon challenge. J Virol 2011;85:12201-15. 

See RH, Zakhartchouk AN, Petric M, Lawrence DJ, Mok CP, Hogan RJ, et al. Comparative evaluation of two 
severe acute respiratory syndrome (SARS) vaccine candidates in mice challenged with SARS coronavirus. 
J Gen Virol 2006;87:64 1-50. 

Yasui F, Kai C, Kitabatake M, Inoue S, Yoneda M, Yokochi S, et al. Prior immunization with severe 
acute respiratory syndrome (SARS)-associated coronavirus (Sars-Cov) nucleocapsid protein causes severe 
pneumonia in mice infected with SARS-Cov. J Immunol 2008;181:6337-48. 

Tseng CT, Sbrana E, Iwata-Yoshikawa N, Newman PC, Garron T, Atmar RL, et al. Immunization with Sars 
Coronavirus vaccines leads to pulmonary immunopathology on challenge with the Sars Virus. PLoS ONE 
2012;7:e35421. 

Deming D, Sheahan T, Heise M, Yount B, Davis N, Sims A, et al. Vaccine efficacy in senescent mice 
challenged with recombinant Sars-Cov bearing epidemic and zoonotic spike variants. PLoS Med 2006;3:e525. 
Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, Berne MA, et al. Angiotensin-converting enzyme 2 is a 
functional receptor for the Sars Coronavirus. Nature 2003;426:450-4. 

Jeffers SA, Tusell SM, Gillim-Ross L, Hemmila EM, Achenbach JE, Babcock GJ, et al. Cd2091 (L-Sign) is a 
receptor for severe acute respiratory syndrome coronavirus. Proc Natl Acad Sci USA 2004;101:15748-S3. 
Berger A, Drosten C, Doerr HW, Sturmer M, Preiser W. Severe acute respiratory syndrome (Sars)—paradigm 
of an emerging viral infection. J Clin Virol 2004;29: 13-22. 

Bukreyev A, Lamirande EW, Buchholz UJ, Vogel LN, Elkins WR, St Claire M, et al. Mucosal immunisation 
of African Green Monkeys (Cercopithecus aethiops) with an attenuated parainfluenza virus expressing the 
Sars Coronavirus spike protein for the prevention of Sars. Lancet 2004;363:2122-7. 

Huang J, Cao Y, Du J, Bu X, Ma R, Wu C. Priming with Sars Cov S DNA and boosting with Sars Cov S 
epitopes specific for Cd4+ and Cd8+ T cells promote cellular immune responses. Vaccine 2007;25:698 1-91. 
Zhou Z, Post P, Chubet R, Holtz K, McPherson C, Petric M, et al. A recombinant baculovirus-expressed S 
Glycoprotein vaccine elicits high titers of Sars-associated coronavirus (Sars-Cov) neutralizing antibodies in 
mice. Vaccine 2006;24:3624—31. 


a2 


24. 
25; 
26. 


Dh 


28. 


29. 


30. 


31. 


32. 
33. 
34. 


35: 


36. 


Shs 


38. 


39. 


40. 


41. 


42. 


| 


‘CHAPTER 3 SARS CORONAVIRUS INFECTIONS 


Openshaw PJ, Culley FJ, Olszewska W. Immunopathogenesis of vaccine-enhanced Rsv disease. Vaccine 
2001;20(Suppl. 1):S27-31. 

Leth-Larsen R, Zhong F, Chow VT, Holmskov U, Lu J. The Sars coronavirus spike glycoprotein is selectively 
recognized by lung surfactant protein D and activates macrophages. Immunobiology 2007;212:201-11. 
Kong SL, Chui P, Lim B, Salto-Tellez M. Elucidating the molecular physiopathology of acute respiratory 
distress syndrome in severe acute respiratory syndrome patients. Virus Res 2009;145:260-9. 

Yoshikawa T, Hill T, Li K, Peters CJ, Tseng CT. Severe acute respiratory syndrome (Sars) Coronavirus- 
induced lung epithelial cytokines exacerbate Sars pathogenesis by modulating intrinsic functions of 
monocyte-derived macrophages and dendritic cells. J Virol 2009;83:3039-48. 

Li Y, Chen M, Cao H, Zhu Y, Zheng J, Zhou H. Extraordinary Gu-rich single-strand Rna identified from Sars 
coronavirus contributes an excessive innate immune response. Microbes Infect 2013;15:88-95. 
Kopecky-Bromberg SA, Martinez-Sobrido L, Frieman M, Baric RA, Palese P. Severe acute respiratory 
syndrome coronavirus open reading frame (Orf) 3b, Orf 6, and nucleocapsid proteins function as interferon 
antagonists. J Virol 2007;81:548-S7. 

Zornetzer GA, Frieman MB, Rosenzweig E, Korth MJ, Page C, Baric RS, et al. Transcriptomic analysis 
reveals a mechanism for a prefibrotic phenotype in Stat! knockout mice during severe acute respiratory 
syndrome coronavirus infection. J Virol 2010;84:11297-309. 

Page C, Goicochea L, Matthews K, Zhang Y, Klover P, Holtzman MJ, et al. Induction of alternatively activated 
macrophages enhances pathogenesis during severe acute respiratory syndrome coronavirus infection. J Virol 
2012;86:13334—49. 

Zhao J, Zhao J, Perlman S. T cell responses are required for protection from clinical disease and for virus 
clearance in severe acute respiratory syndrome coronavirus-infected mice. J Virol 2010;84:93 18-25. 
Cameron MJ, Kelvin AA, Leon AJ, Cameron CM, Ran L, Xu L, et al. Lack of innate interferon responses 
during Sars coronavirus infection in a vaccination and reinfection Ferret model. PLoS ONE 2012;7:e45842. 
Zhao J, Wohlford-Lenane C, Zhao J, Fleming E, Lane TE, McCray Jr PB, et al. Intranasal treatment with 
poly(I*C) protects aged mice from lethal respiratory virus infections. J Virol 2012;86:11416—24. 

Fett C, DeDiego ML, Regla-Nava JA, Enjuanes L, Perlman S. Complete protection against severe acute 
respiratory syndrome coronavirus-mediated lethal respiratory disease in aged mice by immunization with a 
mouse-adapted virus lacking E protein. J Virol 2013;87:6551-9. 

Nieto-Torres JL, DeDiego ML, Verdia-Baguena C, Jimenez-Guardeno JM, Regla-Nava JA, Fernandez- 
Delgado R, et al. Severe acute respiratory syndrome coronavirus envelope protein ion channel activity 
promotes virus fitness and pathogenesis. PLoS Pathog 2014;10:e1004077. 

Smits SL, van den Brand JM, de Lang A, Leijten LM, van Ijcken WF, van Amerongen G, et al. Distinct severe 
acute respiratory syndrome coronavirus-induced acute lung injury pathways in two different nonhuman 
primate species. J Virol 2011;85:4234—45. 

Rockx B, Baas T, Zornetzer GA, Haagmans B, Sheahan T, Frieman M, et al. Early upregulation of acute 
respiratory distress syndrome-associated cytokines promotes lethal disease in an aged-mouse model of severe 
acute respiratory syndrome coronavirus infection. J Virol 2009;83:7062-74. 

DeDiego ML, Nieto-Torres JL, Regla-Nava JA, Jimenez-Guardeno JM, Fernandez-Delgado R, Fett C, et al. 
Inhibition of Nf-Kappab-mediated inflammation in severe acute respiratory syndrome coronavirus-infected 
mice increases survival. J Virol 2014;88:913-24. 

Smits SL, de Lang A, van den Brand JM, Leijten LM, van IWF, Eijkemans MJ, et al. Exacerbated innate host 
response to Sars-Cov in aged non-human primates. PLoS Pathog 2010;6:e1000756. 

Zhao J, Zhao J, Legge K, Perlman S. Age-related increases in Pgd(2) expression impair respiratory Dc 
migration, resulting in diminished T cell responses upon respiratory virus infection in mice. J Clin Invest 
2011;121:4921-30. 

Petrovsky N, Aguilar JC. Vaccine adjuvants: current state and future trends. Immunol Cell Biol 2004;82: 
488-96. 


I : 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


23: 


54. 


3D): 


REFERENCES 53 


Petrovsky N, Cooper PD. Carbohydrate-based immune adjuvants. Expert Rev Vaccines 2011;10:523-37. 
Cooper PD, Petrovsky N. Delta inulin: a novel, immunologically active, stable packing structure comprising 
beta-p-[2 -> 1] poly(fructo-furanosyl) alpha-p-glucose polymers. Glycobiology 2011;21:595-606. 

Layton RC, Petrovsky N, Gigliotti AP, Pollock Z, Knight J, Donart N, et al. Delta inulin polysaccharide 
adjuvant enhances the ability of split-virion H5n1 vaccine to protect against lethal challenge in ferrets. 
Vaccine 2011;29:6242-51. 

Honda-Okubo Y, Saade F, Petrovsky N. Advax, a polysaccharide adjuvant derived from delta inulin, provides 
improved influenza vaccine protection through broad-based enhancement of adaptive immune responses. 
Vaccine 2012;30:5373-81. 

Larena M, Prow NA, Hall RA, Petrovsky N, Lobigs M. Je-Advax vaccine protection against Japanese 
encephalitis virus mediated by memory B cells in the absence of Cd8+ T cells and pre-exposure neutralizing 
antibody. J Virol 2013;87:4395—402. 

Petrovsky N, Larena M, Siddharthan V, Prow NA, Hall RA, Lobigs M, et al. An inactivated cell culture 
Japanese encephalitis vaccine (Je-Advax) formulated with delta inulin adjuvant provides robust heterologous 
protection against West Nile encephalitis via cross-protective memory B cells and neutralizing antibody. 
J Virol 2013;87:10324-33. 

Saade F, Honda-Okubo Y, Trec S, Petrovsky N. A novel hepatitis B vaccine containing a, a polysaccharide 
adjuvant derived from delta inulin, induces robust humoral and cellular immunity with minimal reactogenicity 
in preclinical testing. Vaccine 2013;31:1999-2007. 

Gordon DL, Sajkov D, Woodman RJ, Honda-Okubo Y, Cox MM, Heinzel S, et al. Randomized clinical trial 
of immunogenicity and safety of a recombinant H1n1/2009 pandemic influenza vaccine containing advax 
polysaccharide adjuvant. Vaccine 2012;30:5407-16. 

Gordon D, Kelley P, Heinzel S, Cooper P, Petrovsky N. Immunogenicity and safety of advax, a novel 
polysaccharide adjuvant based on delta inulin, when formulated with hepatitis B surface antigen: a randomized 
controlled phase | study. Vaccine 2014;32:6469-77. 

Honda-Okubo Y, Barnard D, Ong CH, Peng BH, Tseng CT, Petrovsky N. Severe acute respiratory syndrome- 
associated coronavirus vaccines formulated with delta inulin adjuvants provide enhanced protection while 
ameliorating lung eosinophilic immunopathology. J Virol 2015;89:2995-3007. 

Iwata- Yoshikawa N, Uda A, Suzuki T, Tsunetsugu- Yokota Y, Sato Y, Morikawa §, et al. Effects of toll-like 
receptor stimulation on eosinophilic infiltration in lungs of Balb/C mice immunized with Uv-inactivated 
severe acute respiratory syndrome-related coronavirus vaccine. J Virol 2014;88:8597-614. 

Channappanavar R, Fett C, Zhao J, Meyerholz DK, Perlman S. Virus-specific memory Cd8 T cells 
provide substantial protection from lethal severe acute respiratory syndrome coronavirus infection. J Virol 
2014;88: 1103444. 

Ma C, Wang L, Tao X, Zhang N, Yang Y, Tseng CT, et al. Searching for an ideal vaccine candidate among 
different mers coronavirus receptor-binding fragments—the importance of immunofocusing in subunit 
vaccine design. Vaccine 2014;32:6170-6. 


